Introduction
Adenosine triphosphate (ATP), the basic energy source of the living organisms, is involved in vital biological processes, including cell apoptosis and necrotic inflammation. 1 The aberrant ATP level is closely rated to many diseases, such as cardiovascular, 2 Parkinson's Disease, 3 Alzheimer's and hypoglycemia. 4 Hence, the quantification of ATP plays an important role in bio-assay, early diagnosis, food quality control and environmental monitoring. For example, when the ATP concentration is in the range below 20 nM, the bacterial pathogens could be screened with a level of 13.5 nM ATP, which was chosen as the limit between negative and positive results. 5 Many methods have been used for the quantitative detection of ATP, mainly focused on mass spectrometry, 6 chromatography, 7 and bioluminescence. 8, 9 However, these methods are not widely applied owing to the high cost, complicated operation and being time consuming. Therefore, to seek of alternative detection strategies for ATP measurement has received increasing attention.
After a few decades of development, aptamer, termed as a "chemical antibody", has shown bright prospects in biosensors and bio-analytical applications. Aptamer is a short single-strand DNA (ssDNA)/RNA selected by the systematic evolution of ligands with exponential enrichment (SELEX) from random sequence nucleic acid libraries. 10, 11 It can be highly selective and high affinity to small molecules, metal ions, proteins and even whole cells. 12 Due to its excellent features, such as high affinity, simple synthesis and modification and wide target range, aptamer has become to be a new biological recognition molecule.
Considering the biological importance, some aptamer-based ATP assays have been proposed involving coupling with electrochemistry, 13, 14 fluorescence 15, 16 and chromatometry. 17 An electrochemical biosensor has been used for the detection of ATP according to rapid response, ease of use, and low-cost small-sized commercial detectors. 18 In recent years, graphene has attracted widespread attention in the bioassay field owing to its distinctive physical and chemical properties, including large surface area, 19 high thermal, electrical conductivities 20 and superlative mechanical strength. 21 In addition, graphene can bind single-stranded aptamer noncovalently by strong π-π stacking interactions, making it an appealing element for electrochemical detection. 22 In recent years, a series of graphene-based aptasensor to assay ATP have been developed. Wen and co-workers reported a new strategy by labeling the aptamer with methylene blue as an electrochemical probe, and immobilizing the aptamer/graphene complex on the surface of poly(o-phenylenediamine) modified In the present work, a sensitive electrochemical aptasensor was designed for the detection of adenosine triphosphate (ATP) with hemin/graphene oxide nanosheets (HGNs). Firstly, the ATP aptamer was self-assembled on gold electrode surface, and then HGNs were captured to the modified electrode by π-π stacking. The captured HGNs could catalyze the disproportionation reaction of H2O2, and produced a detectable electrochemical signal by chronoamperometry. ATP was competitively bound to aptamer which led to the release of HGNs from the electrode surface after adding ATP. The decrease of the electrochemical signal, which was calculated by the difference of amperometric responses before and after incubation of ATP, provided a quantitative signal for ATP detection. A linear correlation was achieved between the difference of the amperometric responses and the logarithmic concentration of ATP ranging from 0.5 to 100 nM with a detection limit of 0.08 nM. Besides, the aptasensor also exhibited good selectivity toward ATP against other analogs. glassy carbon electrodes. 23 Due to the large surface area and high electrons transfer of graphene, the electrochemical signal exhibited by the aptamers/graphene-modified electrode could be sensitively assayed for the detection of ATP.
Keywords
Hemin/Graphene nanosheets (HGNs), with hemin deposed onto the graphene oxide sheets through the π-π interaction, provide excellent peroxidase-like activity. 24, 25 HGNs combine the advantages of both graphene and hemin, which exhibiting high stability and excellent catalytic activity. 26 Thus, HGNs could not only adsorb single-stranded aptamer by π-π stacking interactions, but also catalyze the disproportionation reaction in the presence of H2O2. This novel material has been widely used in many analytical methods, which are mainly focused on colorimetry. 27, 28 To the best of our knowledge, the electrochemical assay based on HGNs for the determination of ATP has not been reported.
In this work, we developed a novel electrochemical assay for ATP detection based on peroxidase mimetics-HGNs catalyzed signal amplification. In this strategy, the ATP aptamer was first immobilized on a gold electrode surface by self-assembly, and then the HGNs was captured to the modified electrode surface by π-π stacking. A conformational change of the ATP aptamer was activated with the presence of ATP, Kd (ATP) = 6 ± 3 μM, 29, 30 so the HGNs were competed against ATP and dropped from the electrode. The HGNs exhibited intrinsic peroxidase-like activity to catalyze the disproportionation reaction of H2O2, and produced a detectable electrochemical signal. The electrochemical signal was recorded by chronoamperometry method, which provided the quantitative signals for ATP detection. In addition, this method could be further applied to detect other biomolecules by changing the corresponding aptamers.
Experimental

Chemicals and reagents
ATP was purchased from Takara Biotechnology (Dalian, China). 6-Mercapto-1-hexanol (MCH) was obtained from Sigma-Aldrich (St. Louis, USA). Guanosine triphosphate (GTP), cytidine triphosphate (CTP), uridine triphosphate (UTP), adenosine diphosphate (ADP) and adenosine monophosphate (AMP) was purchased from Sangon Biological Engineering Technology & Services Co. Ltd. (Shanghai, China). Graphene oxide was provided by Xianfeng Nano Materials Tech Co. Ltd. (Nanjing, China). All other chemicals were in of analytical grade and used without further purification.
All oligonucleotides were synthesized and purified by Sangon Biological Engineering Technology & Services Co. Ltd. (China). The aptamer sequence was as follows. ATP aptamer: 5′-SH-T9-TAC CTG GGG GAG TAT TGC GGA GGA AGG T-3′.
Electrochemical measurements
All of the electrochemical measurements were implemented on a CHI660e electrochemical workstation (Shanghai Chenhua Instrument Corporation, China). A three-electrode system was adopted, which composed of a platinum wire auxiliary electrode, a 2-mm-diameter Au disk working electrode and a saturated calomel reference electrode.
The electrochemical measurements were carried out in the electrolyte solution of PBS buffer (pH 7.4, 0.01 M Na2HPO4/ KH2PO4 and 0.1 M NaCl).
Electrochemical impedance spectroscopy (EIS) was carried out in PBS buffer containing 5 mM K3Fe(CN)6/K4Fe(CN)6 as the redox probe at 0.24 V (versus SCE) with a frequency range of 0.1 -100 kHz. Chronoamperometry was carried out in PBS buffer containing 16 mM hydroquinone at room temperature at a constant potential of -0.05 V with a 100 mV/s scanning rate; 100 μl H2O2 was added in the solution, respectively, at 120 s, the current change was recorded. The data points and error bars that represented the average and standard deviations were from three independent measurements.
Preparation of HGNs
After 5 mL of graphene oxide aqueous dispersion (1 mg/mL), 250 μl NH3·H2O, 25 mg Hemin and 15 μl NH2·NH2 was mixed and shaken for 10 min, and then heated at 60 C for 4 h. The product was centrifuged at 20000 rpm for 45 min, and the deposits were washed with water for 3 times.
Preparation of working electrode
The gold electrode was firstly immersed into a freshly prepared piranha solution (H2SO4/H2O2, 7:3 by volume) for 10 min, and then rinsed thoroughly with ultrapure water. Then, the gold electrode was polished, respectively, with 0.3 and 0.05 μm alumina powder, and sequentially ultrasonicated in ultrapure water, ethanol and ultrapure water for 5 min each. The gold electrode was scanned in an electrolyte comprising 0.1 M H2SO4 between -0.2 and 1.6 V at 100 mV/s with the method of cyclic voltammogram (CV) for further cleaning. The electrode was washed with ultrapure water and dried with purified nitrogen.
First, 20 μl 2.0 μM ATP-aptamer solution (50 mM Tris-HCl buffer, pH 7.3) was dropped on the prepared gold electrode surface in a humid atmosphere overnight. In order to remove the nonspecific adsorption, the electrode was washed with PBS buffer.
Then, the electrode was dipped into a 1 mM 6-mercaptohexanol (MCH) solution for 10 min in order to block blank region and thoroughly rinsed with PBS buffer.
The aptamer-assembled electrode was incubated with a 20-μl HGNs suspension at room temperature for 4 h, and was then thoroughly rinsed with PBS buffer. The prepared working electrode was measured by chronoamperometry analysis.
Electrochemical detection of ATP
After 20 μl ATP of various concentrations was added onto the working electrode and incubated at 37 C for 60 min, it was measured by chronoamperometry.
Specificity assay
ATP analogues including GTP, CTP, UTP, ADP and AMP were quantitatively analyzed to evaluate the specificity of the aptasensor. The detection procedure was similar to that of ATP. Briefly, the aptamer modified gold electrode was incubated with 20 μl of a HGNs suspension for 4 h, and then treated with ATP analogues (GTP, CTP, UTP, ADP and AMP) at the same concentration (100 nM) for 30 min.
Results and Discussion
Characterization of HGNs and HGNs modified electrode
The UV-visible spectra were shown in Fig. S1A , graphene oxide (GO) displayed a strong absorption at 226 nm which are attributed to the π-π* transitions of aromatic C=C bonds, and a shoulder peak at around 300 nm, which was assigned to the n-π* transitions of C=O bonds (curve a). The absorption peak of hemin was appeared at 385 nm attributed to the Soret band (curve b). The spectrum of HGNs contained two obvious absorption peaks at 264 and 418 nm, which corresponded to reduced graphene oxide and the Soret band of hemin with a bathochromic shift, respectively (curve c). The UV-visible spectra clearly indicated the formation of the π-π interactions between GO and hemin in HGNs, which was in accordance with previous reports. 31 Fourier-transform infrared spectroscopy (FT-IR) was employed to further explore and characterize the HGNs. The result is shown in Fig. S1B ; the peaks of GO at 3441, 1725, 1630 and 1384 cm -1 were attributed to the stretching vibration of -OH, -C=O, C=C and the deformation vibration of -OH (curve a). After reduction, the intensity of the peaks at 3441 and 1630 cm -1 decreased, and the characteristic peaks of hemin appeared, indicating that most of the oxygen containing groups was reduced and the hemin immobilization succeeded (curve b, c).
The surface coverage of HGNs on the electrode was demonstrated by Raman spectroscopy. As shown in Fig. 1 , the aptamer-immobilized gold electrode (curve b) displayed no peak. In the Raman spectrum of the aptamer-immobilized gold electrode, which was incubated with HGNs, two peaks located at 1607 and 1316 and cm -1 were observed, which were respectively assigned to the vibration of the sp 2 carbon atoms (G band) and the vibration of sp 3 carbon atoms of defects and disorder (D band). The results confirmed the attachment of HGNs to the aptamer-immobilized gold electrode. These peaks were similar to the results of previous papers. 32 
The methodology of the ATP aptasensor based on the peroxidaselike activity of HGNs
The electrochemical aptasensor based on HGNs for the detection of ATP is schematically demonstrated in Fig. 2 . The ATP aptamer modified with -SH was immobilized onto the surface of a gold electrode through the S-Au bond. Then, the HGNs were attached to the aptamer immobilized gold electrode through π-π interaction between the ATP aptamer and graphene. Hemin, the activity site of HRP, was also conjugated with graphene by π-π interaction to form HGNs that exhibited intrinsic peroxidase-like activity. Hence, HGNs can catalyze the oxidation of hydroquinone to benzoquinone in the presence of H2O2, and produce a detectable electrochemical signal (I0). In the presence of ATP, due to the ATP binding to the aptamer, the release of HGNs from the electrode surface occurred, which resulted in a decrease of the peroxidase-like activity of HGNs modified electrode, and led to a weak electrochemical signal (I1).
The difference of the electrochemical signal (ΔI, ΔI = I0 -I1) was recorded. In the absence of ATP, ΔI arosed little change due to the HGNs still attached on the electrode surface. Thus, ΔI was related to the concentration of ATP and could be used for the quantification of ATP. These data were obtained from the same electrode each time; the HGNs were gradually released from the electrode surface, which induced a signal decrease gradually. We thus calculated the concentration of ATP by ΔI to increase the detection accuracy.
Electrochemical characterization and feasibility investigation of the aptasensor
As an effective analytical method, the electrochemical impedance spectroscopy (EIS) was used in order to investigate the surface characteristics of electrode. According to Fig. 3 , the bare gold electrode showed a negligible semicircle domain, Fig. 1 Raman spectrum of an aptamer-immobilized gold electrode (blue) and aptamer-immobilized gold electrode incubated with HGNs (red). Fig. 2 Principle of the ATP aptasensor based on peroxidase-like activity of Hemin/Graphene nanosheets.
suggesting a free electron-transfer process (curve a). When the ATP-aptamer was self-assembled onto the gold electrode, the electron transfer resistance (Ret) was increased, which could be well ascribed to the electrostatic repulsion effect between ATP-aptamer and [Fe(CN)6] 3-/4-(curve b). To prevent any nonspecific and weak adsorption of ATP-aptamer on the gold electrode, MCH was assembled on the electrode, which led to a significant increase in Ret (curve c). After combining of HGNs, a slight increase in Ret emerged owing to the electrostatic repulsion effect as well (curve d). With the addition of ATP, the Ret obvious increased corresponding to the performance of rigid structure of the ATP-aptamer (curve e). All of the EIS results demonstrated that the gold electrodes had been successfully assembled conforming to the principle.
In order to confirm the feasibility of the electrochemical assay, chronoamperometry measurements were used to detect the current signal. As Fig. S2 shows, the electrode treated with ATP-aptamer did not yield significant electrochemical signal (curve a). When HGNs were modified to the electrode, a high chronoamperometry response was found (curve b) because of the intrinsic peroxidase-like activity of HGNs. After the addition of ATP, the current signal reduced obviously, which suggested the HGNs were displayed by the combination of ATP with the ATP-aptamer (curve c). These results confirmed that the electrochemical sensor for ATP detection could be implemented.
The effect of non-specifically absorbed HGNs on the electrode was also investigated by chronoamperometry (Fig. S3) . The electrochemical signal of a bare gold electrode was 0.23 μA (curve a), after the electrode was incubated with HGNs, the signal was nearly unchanged with I = 0.28 μA (curve b). When the MCH was self-assembled on the surface of gold electrode, the current responses were also nearly unchanged before (I = 0.25 μA, curve c) and after (I = 0.30 μA, curve d) the incubation of HGNs. All of the signals were much lower than that of aptamer modified gold absorbing HGNs (I = 2.30 μA) (Fig. S2, curve b) , which indicated that HGNs did not absorb on the surface of a bare gold electrode or gold electrode modified by MCH, but specifically absorbed on the aptamer modified gold.
Optimization of experimental conditions
The time of HGNs treated with the modified electrode had been optimized as well. As Fig. S4 shows, when the incubation time of HGNs increased from 0 to 4 h, the current signal gradually increased. The signal increased slowly after 4 h. Therefore, 4 h was chosen as the optimum time for HGNs incubating.
The incubation time of ATP has been optimized in this experiment. That was investigated by a decrease of amperometric responses ΔI. The result was shown in Fig. S5 , with the increase of ATP incubation time, the ΔI increased from 10 to 30 min and then plateaued. This suggested that 30 min incubation was sufficient to equilibrate the system. Thus we chose 30 min as the best incubation time in the following experiments.
Electrochemical detection of ATP
Different concentrations of ATP were detected by using the peroxidase mimetics-HGNs based electrochemical sensor under optimized conditions. The result showed that the current signal increased gradually with the increasing concentration of ATP. A linear correlation between the difference of amperometric responses and the logarithmic concentration of ATP ranging from 0.5 to 100 nM was found in the calibration curve (Fig. 4) . The regression equation was ΔI (μA) = 0.3325 + 0.5739 log X (X is the concentration of ATP) with a correlation coefficient of 0.9927. The detection limit was estimated to be 0.08 nM according to S/N = 3.
Specificity of the aptasensor
To investigate the specificity of the developed method, control experiments were performed by the replacement of ATP with ATP analogues, including GTP, CTP, UTP, ADP and AMP. As seen from Fig. 5 , only obvious current changes were observed in the addition of ATP, which were 7-fold higher than that of other nucleotides. The results showed that the aptasensor has a good selectivity for ATP assay.
We also observed the effect of a GO modified electrode for ATP (100 nM) detection. As Fig. S6 showed, if we use GO without hemin, the current decreased and the ratio of HGNs and GO on ATP analysis was 3.4 fold. These results indicated that the sensitivity depended on the amount of Hemin, which possessed unique peroxidase-like activity, and the electrochemical sensor showed an excellent performance for detecting ATP. 
Conclusion
In summary, a novel aptamer biosensor based on HGNs for ATP detection was developed in the present work. It took advantages of the peroxidase-like activity of HGNs and specific recognition of the ATP aptamer. HGNs, with excellent peroxidase-like activity, took the place of a biological enzyme exhibiting high stability and ideal catalytic activity. The aptamer used in this method was label-free, which made the assay more convenient. The one-step immobilization of HGNs onto the electrode provided the possibility of instrumentation and miniaturization. In addition, the method could be used for detecting other biomolecules by changing the corresponding aptamers. 
